Abstract. During June, July and August 2006 five aircraft took part in a campaign over West Africa to observe the aerosol content and chemical composition of the troposphere and lower stratosphere as part of the African Monsoon Multidisciplinary Analysis (AMMA) project. These are the first such measurements in this region during the monsoon period. In addition to providing an overview of the tropospheric composition, this paper provides a description of the measurement strategy (flights performed, instrumental payloads, wing-tip to wing-tip comparisons) and points to some of the important findings discussed in more detail in other papers in this special issue.
deposition to the forested areas, contributes to a latitudinal gradient of ozone in the lower troposphere. Biogenic volatile organic compounds are also important in defining the composition both for the boundary layer and upper tropospheric convective outflow.
Mineral dust was found to be the most abundant and ubiquitous aerosol type in the atmosphere over Western Africa. Data collected within AMMA indicate that injection of dust to altitudes favourable for long-range transport (i.e. in the upper Sahelian planetary boundary layer) can occur behind the leading edge of mesoscale convective system (MCS) cold-pools. Research within AMMA also provides the first estimates of secondary organic aerosols across the West African Sahel and have shown that organic mass loadings vary between 0 and 2 µg m −3 with a median concentration of 1.07 µg m −3 . The vertical distribution of nucleation mode particle concentrations reveals that significant and fairly strong particle formation events did occur for a considerable fraction of measurement time above 8 km (and only there). Very low concentrations were observed in general in the fresh outflow of active MCSs, likely as the result of efficient wet removal of aerosol particles due to heavy precipitation inside the convective cells of the MCSs. This wet removal initially affects all particle size ranges as clearly shown by all measurements in the vicinity of MCSs.
Introduction
The African tropical regions are critical for climate because the high solar irradiance and humidity make this region important for determining the global oxidative capacity and hence the lifetime of some greenhouse gases. The tropics are also an important source of gases and aerosols from biogenic emissions (Guenther et al., 1995) , biomass burning (Hao and Liu, 1994) , industrial and urban areas (Aghedo et al., 2007; van Aardenne et al., 2001) , and aeolian erosion (Goudie, 1992; N'Tchayi Mbourou, G., 1997; N'Tchayi Mbourou, 1994) .
The West African Monsoon (WAM) leads to a strong zonal gradient in precipitation and consequently vegetation. This is characterised by forest along the Guinea coast, shrub and grasslands in the Sahel, with bare soil and desert in the north of the region. The onset of the monsoon is typically in June, with the wet season associated with the northernmost position of the Inter-Tropical Convergence Zone (ITCZ). In the lower troposphere (LT) the wind flow is characterised by the south-westerly, moist and relatively cool monsoon flow and the north-easterly, dry, warm Harmattan wind which meet at the Inter-Tropical Discontinuity (ITD). Above the monsoon flow is the African Easterly Jet (AEJ) (Thorncroft and Blackburn, 1999; Parker et al., 2005; Thorncroft et al., 2003) at around 600 hPa, whilst in the upper troposphere (UT) there is the Tropical Easterly Jet (TEJ) (Peyrille et al., 2007) . Deep convection occurs in organised systems known as Mesoscale Convective Systems (MCS) (Mathon and Laurent, 2001) . Deep convection in the tropics associated with the ITCZ can lead to the rapid uplift and large-scale redistribution of gaseous pollutants and aerosols.
Model studies suggest biogenic emissions of volatile organic compounds (VOCs) from West Africa to be important for tropospheric ozone (Aghedo et al., 2007; Pfister et al., 2008) . However measurements of biogenic VOCs (BVOCs) from African vegetation have previously been focussed in southern Greenberg et al., 2003; Otter et al., 2002; Guenther et al., 1996) and central Africa (Serca et al., 2001; Guenther et al., 1999; Greenberg et al., 1999; Klinger et al., 1998) . BVOCs are also important in formation of secondary organic aerosols (SOA) (Kavouras et al., 1998) . The vegetation can also act as a rapid sink for ozone via dry deposition (Cros et al., 2000) .
The West African region can also be a source of biogenic nitrogen oxides (NO x ) both from soils (Jaegle et al., 2004) and from lightning (Schumann and Huntrieser, 2007) . Note that both these sources are linked to the meteorology, with the emissions from Sahel soils triggered by the wetting of soils by precipitation, particularly at the onset of the wet season, and the lightning often associated with the MCSs.
Biomass burning in West Africa is linked to agricultural practice at latitudes south of 10N. Its pattern follows a well determined annual cycle related to the seasonal shift in the ITCZ. In the wet season, the peak emissions of anthropogenic biomass burning aerosol and trace gases occur in the southern Hemisphere, outside of W. Africa, between the equator and 10 • S (Hao and Liu, 1994) . However vertical profiles of ozone observed above Lagos and elsewhere in Africa (Nganga et al., 1996) suggest biomass burning in the southern hemisphere can have a widespread affect, even into the northern hemisphere and over West Africa.
Aerosols are known to significantly affect the solar and terrestrial radiation budget and the cloud properties of the African region at the regional scale thereby modifying the planetary albedo and the outgoing long-wave radiation, reducing the radiation flux available to the surface, heating the atmosphere and impacting the dynamics of the synoptic flow, interacting with the ITCZ and the monsoon cycles (Forster et al, 2007; Denman et al, 2007) . Intense source regions as well as horizontal transport processes near such sources can be identified by radiometry from satellite (Generoso et al., 2003 (Generoso et al., , 2008 Legrand, 1997) , but one of the main difficulties remains to precisely identify the characteristics of particles and their vertical extent, which is critical for their dispersion in the atmosphere and the estimation of their radiative impact. To date, little is known about aerosol emissions and properties in West Africa and their spatial and temporal variability (Echalar et al., 1995; Formenti et al., 2003; Haywood et al., 2003; Yoshioka et al., 2005) . Amongst the major areas of uncertainties remain: (i) the contribution of soil erosion by Atmos. Chem. Phys., 10, 2010 www.atmos-chem-phys.net/10/7575/2010/ mesoscale convective systems in the Sahel to the global budget of mineral dust (Tegen and Fung, 1995; Yoshioka et al., 2005) ; (ii) the processes leading to the emission of organic aerosols from vegetation and biomass burning, and the partitioning between primary and secondary formation are far from being elucidated Kanakidou et al., 2005) . During June, July and August 2006 a multi-aircraft campaign took place over West Africa to observe the aerosol content and chemical composition of the troposphere and lower stratosphere as part of the African Monsoon Multidisciplinary Analysis (AMMA) project Lebel et al., 2009 ). These measurements on board 5 research aircraft provide the first detailed, in-situ characterisation of the aerosol and trace gas composition of the troposphere in this region. The aircraft were equipped with instruments to make measurements of ozone (O 3 ), many of its precursor species (e.g. carbon monoxide (CO), NO x and VOCs), as well as photochemical products (e.g. radical species and oxygenated VOCs (OVOCs)) and properties and composition of atmospheric aerosols. Details of the meteorological situation over West Africa during the summer of 2006 are given in Janicot et al. (2008) .
The aim of this paper is to provide an overview of the flights made by the 5 research aircraft and to provide the first comprehensive characterisation of aerosols and trace gases over West Africa during the monsoon period. The scientific questions that the aircraft campaigns addressed are given below. This paper focuses on the average patterns observed, and in particular those gained by looking at the data across several measurement platforms, and how these address the scientific questions. More detailed or case studies which address individual aspects of the scientific questions are dealt with by other papers, as indicated below. In this paper the aircraft data are also compared to other data sets that are available for this region from ozone sondes and satellites.
One of the main questions was the role of natural versus anthropogenic emissions from W. Africa on the oxidizing capacity of the atmosphere. What evidence was there for extensive emissions of BVOCs and to what degree were they transported throughout the troposphere (Bechara et al., 2009; Garcia-Carreras et al., 2010; Murphy et al., 2010) ? Were the observed BVOC distributions consistent with that expected from emission models (Ferreira et al., 2010) ? Could emissions of NO x from recently wetted soils be detected in the boundary layer and what was the impact on ozone (Delon et al., 2008; Stewart et al., 2008) ? Were major coastal cities such as Lagos a large source of ozone precursors Minga et al., 2010) ?
Another issue was the impact of biomass burning emissions from the southern hemisphere on the tropospheric composition over W. Africa. Could the impact implied by ozone soundings be confirmed by observations of biomass burning tracers ? How widespread was the effect and what were the routes by which these pollutants were being transported into W. Africa Fiedler et al., 2010) ? What are the physico-chemical properties of biomass burning aerosols, in particular their composition (Matsuki et al., 2010a) ?
A key area of study was the role of convection on redistributing pollutants and its impact on oxidants and aerosols in the upper troposphere and lower stratosphere. What are the roles of convective physical processes, vertical transport and mixing on the budget of major oxidants and aerosols in the free troposphere over West Africa (Ancellet et al., 2009; Bechara et al., 2009; Fierli et al., 2010; Homan et al., 2010) ? How do deep convective processes influence the distributions of chemical constituents in the tropical tropopause layer (TTL) compared to other transport processes (Barret et al., 2008; Barret et al., 2010; Fierli et al., 2010; Homan et al., 2010; Mari et al., 2008; Schiller et al., 2009; Voigt et al., 2008; Palazzi et al., 2009) ? What is the composition of the lowermost stratosphere and to what extent is it influenced by local convection Khaykin et al., 2009; Borrmann et al., 2010; ?
Overall, what are the impacts of all these emission sources on the major sources and sinks of the oxidants over W. Africa (Saunois et al., 2009; Stone et al., 2010; Andrés-Hernández et al., 2010; Commane et al., 2010) ? What are the relative roles of the anthropogenic and natural emissions on the tropospheric oxidant loading (Saunois et al., 2009; Williams et al., 2009) ? What is the impact of the production of NO x from lightning within the convective systems on ozone formation (Andres-Hernandez et al., 2009; Barret et al., 2010; Williams et al., 2009)? Regarding aerosols, a key issue was the potential for secondary organic particle formation from biogenic and anthropogenic gas-phase precursors ) and for aerosol nucleation in the free troposphere. Attention was given to investigating the emission processes and properties of mineral dust. It was considered important to better understand the processes leading to dust emissions and the vertical redistribution of dust after emission, in particular with respect to the role of convective systems and of vegetation heterogeneities (Bou Karam et al., 2008; Bou Karam et al., 2009; Crumeyrolle et al., 2008 Crumeyrolle et al., , 2010 Flamant et al., 2007; Flamant et al., 2009a, b; Marsham et al., 2008 ). An outstanding issue was the physico-chemical properties driving the climatic impacts of mineral dust, in particular with respect to their variability between Saharan and Sahelian sources, emission versus transport conditions, and modifications of hygroscopic properties induced by cloud-processing (Crumeyrolle et al., 2008; Formenti et al., 2010; Matsuki et al., 2010a, b) . Table 1 . Aircraft detachment periods for each SOPs 1 & 2. The names of the aircraft campaigns that took place within the wider AMMA SOPs were given the suffixes "aN" where "a" signifies "aircraft" and "N " is the number of the aircraft campaign within that SOP. Operational bases are colour-coded (red = Niamey, blue = Dakar, yellow = Ouagadougou). Table 1 . Aircraft detachment periods for each SOPs 1 & 2. The names of the aircraft campaigns that took place within the wider AMMA SOPs were given the suffixes "aN" where "a" signifies "aircraft" and "N" is the number of the aircraft campaign within that SOP. Operational bases are colour-coded (red = Niamey, blue = Dakar, yellow = Fig. 1 . The ATR-42 focussed on the lower troposphere, the BAe-146 on the lower and mid-troposphere, the two Falcons on the upper troposphere and the M55 on the upper troposphere/lower stratosphere (UTLS). In combination this provides coverage throughout the full depth of the troposphere.
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As part of the coordinated flight planning several different flight strategies were designed to address different scientific questions. Each of these flight strategies was called an Intensive Observational Period (IOP). The types of IOPs flown during SOP1 and SOP2 are given in Table 3 . IOP1.1 was aimed at exploring of the inter-tropical front (ITF) and surveying of the spatial and temporal evolution of the atmosphere in the coupled monsoon-harmattan-AEJ system. IOP1.2 focussed on the description of the role of mesoscale convective systems on the emission budget of mineral dust from the Sahel. IOPs 1.4, 1.5 and 1.6 were designed to investigate the impact of local (W. African) emissions on the chemical composition of the PBL. In particular, IOPs 1.4 and 1.5 aimed at investigating the impact of biogenic emissions from soils of different moisture characteristics from different vegetation types, while IOP1.6 targeted anthropogenic emissions from urban areas. IOP2 was aimed at investigating the impact of MCSs on the transport and transformation of pollutants in air as it was convectively uplifted. This included coordinated flights with some aircraft probing the PBL prior to uplift and others sampling the UT in regions of detrainment. IOP3 targeted air masses undergoing long range transport, either into the W. African region (e.g. biomass burning plumes from the southern hemisphere) or those in the UT following convective uplift some days previously. In addition to these targeted studies, data were also collected throughout the different flights to build up a large scale picture of the chemical composition and processing of air over W. Africa.
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Aircraft payloads
The aircraft were fitted with a range of instrumentation for measuring chemical species (Tables 3a-e of the Supplementary Information). 
Flight planning
Flights were planned using a number of tools depending on the IOP to be flown. Meteorological forecast reports were provided by a team of local forecasters at ACMAD (African Centre of Meteorological Application for Development). These indicated the predicted positions of such features as the AEJ, the TEJ, the ITD, African Easterly Waves (AEW) and organised convection at 06:00 and 18:00 UTC. Meteosat infra-red images were used for now-casting the location of MCSs, which was particularly useful for IOP2. Trajectories calculated from ECMWF data were used for planning IOP3 (long range transport). Flight planning for IOP1.4 used near real-time Land Surface Temperature Anomaly data derived from LandSAF (http://landsaf.meteo.pt/) to identify regions of recent precipitation and for IOP1.5 MODIS tree cover data from Land Processes Distributed Active Archive Center (http://lpdaac.usgs.gov) was used. One Chemical Transport Model (LMDz-INCA) and one regional model (Meso-NH) driven by ECMWF meteorological products delivered chemical, biogenic and lightning tracers forecast continuously during the mission. A Lagrangian model, FLEXPART-GIRAFE, was used to track the biomass burning plumes from the southern hemisphere . MOPITT data were also available in near real-time over West Africa.
Intercomparison of aircraft data
The airborne observation dataset from AMMA was collected from several different aircraft operated in different locations and at different times. The true value of the complete dataset can only be realised if the measurements are integrated together in a consistent manner. The assimilation of the data must take account of the uncertainty in the measurements associated with systematic and random errors estimated for each instrument. It is essential to estimate these errors in an operating environment, which for aircraft entails wingtip-towingtip comparison flights along straight and level runs at various altitudes.
On 16 August 2006 four of the aircraft participated in a comparison flight to the west of Niamey. The BAe-146 flew alongside three aircraft in turn at a variety of altitudes: the D-F20, F-F20 and ATR42. Therefore, differences between measurements are all estimated relative to the BAe-146 measurements. For details of the flights and how the data were processed see Appendix A. Table 4 shows the mean, standard deviation and rank correlation between the time series from all comparable instruments on the different aircraft during the formation flight segments. Longitude and latitude measurements have an insignificant bias with an average difference of approximately 40 m, consistent with the aircraft separation. Measurements of static pressure do indicate small biases, the largest being between the ATR-42 and BAe-146 (3.6 hPa). However on this comparison the BAe146 was flying slightly higher than the ATR-42 as a precaution of the turbulence experienced at 0.9 km altitude. The turbulence also accounts for the lower pressure correlation between these two aircraft.
From the initial comparison an error was identified in the processing to obtain wind components for the BAe-146, accounting for aircraft motion. This was corrected and the comparison re-performed as shown in Table 4 . Mean and standard deviation of the differences are less than 1 m s −1 . Wind data from the F-F20 was not submitted for comparison.
Temperature differences were approximately 1 K and relative humidity (RH) differences were a few percent. It is worth noting that on the comparison legs RH varied between 40 and 85% with rapid fluctuations at FL190. On the profiles very thin cirrus cloud layers were crossed and these fluctuations are likely to be associated with old cirrus layers. Relative humidity with respect to ice was measured on the highest legs (FL190) and with respect to liquid water below this.
Differences in ozone measurements were lower than during comparison flights from previous campaigns (e.g., ICARTT; Fehsenfeld et al., 2006) with means and standard deviations of only 1 ppbv. Figure 2 compares the ozone time series from all 4 aircraft during the comparison legs. Note that the time stamp from the F-F20 instrument had not been synchronised and suffered an obvious lag of 60s which has been corrected for in Table 4 The initial carbon monoxide comparison was much worse than had been observed in previous campaigns (e.g., ICARTT). This motivated a comparison of the CO-standards used during AMMA against two NOAA standards. The percentage differences of the measured concentration of each AMMA standard from its quoted concentration were: −0.3% for D-F20, +6.9% for BAe-146 and −7.2% for the F-F20. The comparison of CO mixing ratios is shown in Table 4 after multiplying the time series by the appropriate scaling factors: D-F20 (0.997), BAe-146 (1.069) and F-F20 (0.928). The correction eliminates the bias between the D-F20 and BAe-146 measurements, but the F-F20 measurements remain high relative to the BAe-146 CO, although comparable with the standard deviation in the case of the F-F20. These scaling factors have been applied to the data before integrating them together to create average plots. The ATR-42 standard was not involved in the comparison, so CO data from the ATR-42 are not included in this analysis. Additional measurements were available for comparison between the BAe-146 and D-F20 (Table 5 ). The mean and standard deviation between CO 2 measurements is approximately 1 ppmv and therefore of the same order as the standard deviation in the time series itself since CO 2 has a small dynamic range. Nevertheless the correlation is almost as high as for CO.
Averaging across the entire comparison window the mean difference between NO y measurements is approximately 12%. The correlation is also high. However, the BAe-146 measurement showed less dynamic range, reporting of the order 100 pptv higher at 697 hPa and 100 pptv lower at 485 hPa. The reasons for this have not been resolved and the comparison was not as good as when the UK instrument was installed on the Met Research Flight C130 aircraft (Brough et al., 2003) .
Formaldehyde (HCHO) mixing ratios have only been compared on the profile ascent and higher flight leg (485 hPa) because the BAe-146 data showed an unrealistic oscillation on the lower leg.
A comparison has also been made of peroxy radicals as measured on board the BAe-146 using the FAGE (Laser induced fluorescence) (Heard, 2006) (HO 2 only) and by PERCAs (Peroxy Radical Chemical Amplifier) (RO 2 + HO 2 ) on board both the BAe-146 (Green et al., 2006) The intercomparison exercise for aerosols concerned only three aircraft, the BAe-146, the D-F20 and the ATR-42 (the F-F20 did not carry any in situ aerosol instrumentation). Intercomparing aerosol measurements onboard aircraft is challenging for a number of reasons (see Appendix A) and as a consequence, the different aerosol datasets have not been merged to provide mean patterns but, whenever appropriate, they have instead been used individually to answer specific science questions. Figure 3a shows average O 3 concentrations from the 5 aircraft plotted as a function of latitude and altitude. The averages are created by taking 1-min data for each flight from each aircraft, separating them into bins of 100 hPa of atmospheric pressure and 1 degree of latitude and then calculating the mean. Figure 3b is the same as 3a except longitude bins are used instead of latitude bins. A number of features evident in the O 3 distribution can be related to the dynamics of the region.
Overview of results

Large scale patterns of trace gases
There is a general vertical gradient with concentrations declining towards the surface. A sharp gradient is observed around 100 hPa, with concentrations up to 1700 ppv above in the lower stratosphere, whilst concentrations in the troposphere rarely exceed 100 ppbv. This vertical gradient largely reflects an anti-correlation with water vapour, with high concentrations of ozone in the drier stratosphere and lower concentrations in the humid monsoon layer air in the lower troposphere. The vertical gradient will be considered in more detail in Sect. 4.2.
Note that there is no obvious pattern of ozone concentration with longitude, at any altitude. However there are a couple of features that can be identified when looking at the latitude versus pressure plots. At low latitudes, around 650 hPa, air was sampled that contained higher concentrations of ozone than at other latitudes at similar pressures. This air also tended to be drier. It was influenced by biomass burning and had been advected into the region (see Sect. 4.3) . A second feature is that at the lowest altitudes bins (pressure >800 hPa) there is a tendency for concentrations of ozone to be lower in the moister air to the south and higher in the drier air to the north. Not only is the latitudinal gradient af- fected by the dynamics, but also by the land surface which transitions from ocean in the south, via mosaic forest and savanna to desert in the north. The impact of this on the chemical composition in the lower atmosphere is discussed in Sect. 4.5. Figure 4 shows latitudinal and longitudinal average profiles of CO from the D-F20, F-F20 and BAe-146 scaled according to the results of the comparison of standards. There is no strong spatial pattern longitudinally; however there are a number of interesting features in the latitudinal profile. There is a tendency for higher concentrations in the south at all altitudes, except over the ocean in the boundary layer. In the lower troposphere the highest concentrations were found between 5 • and 13 • N over the vegetated regions and urban regions. The influence of landing at Cotonou and a low level circuit of Lagos can be seen at 7 • N and of landings at the aircraft bases of Ouagadougou and Niamey at 13 • N. The influence of the biomass burning plumes can be seen in the southerly region of the mid-troposphere. The Atmos. Chem. Phys., 10, 7575-7601, 2010
www.atmos-chem-phys.net/10/7575/2010/ August. The black marker is the median, the red box the range of the 25 to 75 percentiles, the blue whiskers the range of the 10 to 90 percentiles and the green points outliers less than the 1 percentile and greater than the 99 percentile. Note that the concentrations have been scaled according to the comparisons of standards.
average vertical profile of CO (Fig. 5 ), exhibits a "C" shape with highest median concentrations in the lower and upper troposphere. However the impact of biomass burning in the mid-troposphere is evident in the high values of the 90th percentiles and the outliers (>99th percentiles).
To put the aircraft data into the wider context, both spatially and temporally, and to help explain the features observed, they are compared to satellite measurements of CO from MOPITT (Emmons et al., 2009) . Figure 6 shows the aircraft and satellite data in layers centred on 700 hPa and 250 hPa. The MOPITT data are for August 2006, the month during which most of the aircraft flights were made.
At 700 hPa the elevated CO seen by the aircraft is part of a large scale feature originating over the western part of southern Africa (centred around Angola and Zaire) and extending north westward into the Gulf of Guinea. The aircraft tended to observe higher CO in the southern legs of the flights than measured by satellite. Much of this is due to some flights targeting these southern hemispheric plumes. At 250 hPa this feature, although much weaker, is still evident. It is not clear how much of this CO at 250 hPa results from convective uplift of CO-rich air from W. Africa, or how much is due to long-range upper tropospheric transport into the region following up-lift elsewhere. Either way, the satellite data suggests that emissions in southern Africa contributed to elevated CO throughout much of the troposphere along the Gulf of Guinea coast.
At 250 hPa the aircraft tended to observe higher CO in the region 4-10 • N than measured by satellite, largely because many of the flights at this altitude where aimed at sampling outflow from MCSs. There is sparse data coverage from the satellite in this zone due to the frequent occurrence of cloud, however there is still some suggestion of elevated CO in this region, certainly compared to further north. The source of this CO is discussed in several papers (Barret et al., 2008; Ancellet et al., 2009; .
At 700 hPa the aircraft data suggest slightly higher CO concentrations in the north-west of the region. This is in agreement with the satellite data which shows extensive regions of CO above 100 ppbv across northern Africa, with a hot spot over Sudan (not shown).
Comparing the MOPITT data for August 2006 with Augusts of previous years (2000-2008, excluding 2001 for which there is insufficient data) (Fig. 6, bottom panel) , it can be seen that at 700 hPa, CO was considerably higher than in other years. As an average for the region shown in the figure it was 10 ppbv above the mean. This anomaly is highest in the south of the region with values up of 60 ppbv. It suggests that the influence of biomass burning in the southern hemisphere on CO in the lower troposphere over the West African region was greater in 2006 then is typical of recent years. Note that the CO in the north of the region at this altitude in 2006 was also higher than the mean. Unlike 700 hPa, CO at 250 hPa in August 2006 was close to the mean of recent years. Figure 7 shows the relationship between ozone and CO (for the BAe-146 data only). The bulk of the data falls into a population where there is a negative correlation between these two chemical compounds. This correlation is related to water vapour in that the air with higher ozone and lower CO concentrations tends to be drier, whilst the air with lower ozone and higher CO concentrations tends to be moister. This illustrates the stratospheric source of tropospheric ozone and the relatively short photochemical lifetime of ozone in the moist, monsoon layer air into which CO is emitted. A second population of data shows a positive relationship between ozone and CO. It occurs at a range of water vapour concentrations and typically displays a ratio of 1 ozone molecule to 4 CO molecules. This population can be subdivided into 2 groups: 1 that is influenced by biomass burning as indicated by the elevated concentrations of acetonitrile (Fig. 7b) and is in relatively dry air and 1 that does not show increased acetonitrile but is due to anthropogenic (non-biomass burning) emissions as observed in a flight in the moist boundary layer around Lagos, Nigeria. Figure 7 suggests that with the exception of a few polluted air masses where there were clear enhancements of ozone with increased levels of CO (e.g. the Cotonou/Lagos city plume as discussed in Ancellet et al., 2009 ), most of the air sampled over W. Africa shows a tendency for net photochemical loss of ozone.
Measurements from the satellite instrument SCIA-MACHY can be used to get a picture of the overall distribution of NO 2 (Richter et al., 2005) and HCHO (Wittrock et al., 2006) . In contrast to the aircraft measurements, these data give the integrated tropospheric column without vertical profile information and have a spatial resolution of the order of 30 x 60 km 2 for individual pixels. In Fig. 8 , the tropospheric NO 2 and HCHO fields from SCIAMACHY averaged over all data from July and August 2006 are shown.
The NO 2 distribution is characterised by high values over regions of intense biomass burning and anthropogenic emissions and low values over desert and ocean. In the Sahel region, NO 2 is slightly elevated probably as result of soil NO x Atmos. Chem. Phys., 10, 7575-7601, 2010
www.atmos-chem-phys.net/10/7575/2010/ emissions (also observed by the aircraft; Stewart et al., 2008) with no sharp gradient with latitude before about 18 • N. Interestingly, NO 2 values over the ocean close to the coast are also elevated, and backward trajectories indicate that this is a result of transport of biomass burning affected airmasses from central Africa. No vertical information is available from the measurements but as the distances involved are rather large, transport must have taken place at higher altitudes where the NO x lifetime is larger.
Formaldehyde as an indicator of VOC chemistry is shown in the lower panel of Fig. 8 . Its main sources are biogenic isoprene and biomass burning. Consequently, high values are observed over the region with fires and also over the densely vegetated part of the AMMA region. Some indication of transport from the biomass burning region can also be seen in the HCHO map, but to a much smaller degree than in the NO 2 . In spite of the general similarities between the NO 2 and HCHO distributions, several important differences exist. Firstly, no anthropogenic (non-biomass burning) signals can be discerned in the region shown. Secondly, the HCHO maximum attributed to biomass burning is shifted to the north, indicating secondary production and contributions from biogenic emissions. And lastly, as no soil emissions are expected for HCHO, the drop off in the AMMA region is more to the south than for NO 2 with generally larger values and some hot spots south of 10 • N and low values north of 15 • N.
As satellite measurements are all taken in relatively cloud free situations, the averages shown have a clear sky bias. Also, for comparison with the in-situ data discussed in the following sections, the integrated nature of the remote sensing has to be taken into account as well as the fact that NO 2 is measured, not NO x . Figure 9 shows the average vertical profile of ozone concentrations measured on all aircraft. Rather than simply exhibiting an increase from the surface to the stratosphere, the profile is "S" shaped with a maximum in the median at around 400 hPa and a minimum at around 250 hPa. This is typical of that seen elsewhere in the tropics where the minimum at 250 hPa can be explained by the detrainment of ozone poor air that has been convectively lifted from lower altitudes (Folkins et al., 2002) . Note that the maximum in the outlier concentrations (>99 percentiles) at 650 hPa is associated with the biomass burning plumes in the south of the region (see below and Fig. 10a) . Figure 10 illustrates how the vertical profile changes with latitude. At 6 • N the "S" shaped profile is exaggerated with a maximum and large variability at 650 hPa due to some air masses having been influenced by biomass burning emissions. Although there is a minimum in the median at 350 hPa it is not clear if this is generated by the enhanced ozone concentrations below resulting from the biomass burning or due to low concentrations of ozone convectively lifted to this altitude. At 10 • N there is again no obvious sign of detrainment of convectively lifted ozone-poor air at 250 hPa. Instead of an "S" shape profile, the ozone concentrations increase from the surface to 550 hPa where they remain reasonably constant up to 250 hPa, before increasing into the stratosphere. At 13 • N the "S" shape profile is apparent with clear minima at the surface and at 250 hPa. At 16 • N there is also an "S" shape profile with the minimum at 250 hPa, although the surface concentrations are greater than further to the south such that up to 750 hPa the ozone concentrations are fairly similar, if anything decreasing with altitude.
Tropospheric profiles of ozone
This change in vertical profile with latitude suggests that the maximum in the convective uplift of ozone poor air is around 12-14 • N. This is slightly further north than the location of the inter-tropical convergence zone (ITCZ) which was centred around 10-12 • N as indicated by the outgoing longwave radiation (OLR) for July and August 2006 (Janicot et al., 2008) . It should be noted that some flights were designed specifically to target high altitude outflow from MCSs. This may therefore have biased the average profiles and latitudinal location of the maximum effect of this convective uplift. Figure 11a shows the general profile behaviour of tropospheric ozone concentrations recorded by ozone sondes launched from Cotonou (6 • N) between 21 July and 22 August. Concentrations from 9 individual soundings have been averaged into bins 100 hPa thick as for the aircraft data presented in Fig. 10 . Further details on these soundings data can be found in . In general, the composite profile from aircraft data at 6 • N (Fig. 10a) and the averaged profile from the soundings highlight the same tropospheric behaviour described above as an "S" shape (i.e. low surface concentrations, high ozone between 800 and 400 hPa, lower ozone around 250 hPa and higher ozone in the UT by 100 hPa).
Both data sets exhibit high to very high ozone concentrations in layers between 800 and 400 hPa. This highlights the seasonal characteristic called "intrusions of biomass burning products from the southern hemisphere". As firstly revealed by the MOZAIC data recorded over Lagos and Abidjan (Sauvage et al., 2007; Sauvage et al., 2005) , these high ozone concentrations go along with high CO values as well as other biomass burning tracers like acetonitrile (Fig. 7b) . Consistent with the MOPITT CO data discussed above, found by comparing the ozone sondes from Cotonou during AMMA with vertical profiles obtained by MOZAIC in other years, that these southern intrusions of biomass burning were particularly frequent in 2006 compared to other wet seasons.
In the upper troposphere, above 400 hPa, data from the soundings show higher concentrations with a median value close to 70 ppbv between 400 and 200 hPa and close to 85 ppbv between 100 and 200 hPa while the aircraft data exhibit around 20 ppbv less. This may reflect the differences in the measurement techniques and in sampling strategies. The soundings were launched on predefined days irrespective of the conditions, but some flights were designed specifically to target high altitude outflow from MCSs. This may therefore have biased the average profiles and latitudinal location of the maximum effect of this convective uplift. For example a siginifcant ozone concentration difference (20-30 ppbv) is seen at 250 hPa for the F-F20 flights around MCS and during the dry spells (Ancellet et al., 2009) . Figure 11b shows the average profile for 29 ozone sondes that were released from Niamey (13 N) between 26 July and 25 August. Although the concentrations are similar to those observed by the aircraft near the surface (Fig. 10c) , like the Cotonou sondes the Niamey ozone sonde data gives higher concentrations in the UT than the aircraft data. This might be the different measurement technique and sampling strategy. For Cotonou the ozone sondes were launched on prescribed days regardless of conditions and for Niamey the strategy was to smoothly cover the campaign with ozone soundings, whereas the aircraft flights were for specific missions and many of those in the UT were sampling around MCSs. No remarkable difference can be seen in the ozone data from ozone sondes that were launched to target convective systems and in fact one profile which diverges dramatically from the rest does not have any noticeably different history. It was a clear sky observation on 1 August 2006 early afternoon.
The M55 observing strategy was directed partly to sample the direct effects of MCSs on the UTLS and partly to characterize the UTLS in as nearly an unperturbed state as possible, i.e. far from MCS events . The flight hours were nearly evenly distributed across these two goals. et al., 2010), the M55 flights appear to be reasonably representative of air masses impacting these altitudes over West Africa. Model aided analysis confirms the presence of direct injection up to the tropical tropopause by intense convective systems and indicates that composition is dependent on the residence time in the TTL after convective uplift .
Observations of coupled variations of total peroxy radicals with NO and non-methane hydrocarbons (NMHC), including isoprene, made on board the D-F20 and F-F20 in some of regions of convective outflow indicate uplift of radical and O 3 precursors coincident with either uplift of NO or an emission of NO from lightning (Andres-Hernandez et al., 2009; Bechara et al., 2009 ). Significant net O 3 production rates of around 1 ppbv/h have been calculated from measurements made in this outflow. Backward trajectories have also been overlaid on Meteosat Second Generation images to identify convectively influenced flight segments followed by forward photochemical modelling, initialised with data, to estimate net O 3 production in these air masses. This shows that not only is O 3 poor air lifted from the lower troposphere to the UT in these convective systems, but that this is counteracted to some degree by the uplift and emission of O 3 precursors. In some cases the precursors observed in the UT originated from biomass burning in the southern hemisphere over Central Africa and have been calculated to contribute to continued net O 3 production for several days as the air was transported out over the ocean , possibly contributing to the O 3 maxima previously identified over the southern Atlantic (Weller et al., 1996; Thompson et al., 1996; Jenkins and Ryu, 2004a, b) . The role of convection and NO x from lightning on the composition of the UT over W. Africa has been further examined in a study using 4 global chemical transport models (Barret et al., 2010) , which showed that important differences between the UT CO and ozone distributions simulated by each of the models could be explained by differences in the convective transport parameterizations and, more particularly, the altitude reached by convective updrafts. Model sensitivity studies clearly indicated that the CO maxima and the elevated ozone concentrations south of the equator are due to convective uplift of air masses impacted by Southern African biomass burning, in agreement with previous studies. Moreover, during the West African Monsoon, NO x from lightning over W. Africa is calculated to be responsible for 10-20 ppbv enhancements in UT ozone over the tropical Atlantic.
Biomass burning
As already mentioned above, elevated concentrations (>100 ppbv) of ozone were observed in the southern midtroposphere of the region sampled by the aircraft during AMMA. Ozone vertical profiles collected through the MOZAIC program between 1997 and 2003 over Lagos and Abidjan, Ivory Coast, during July and August, a similar time of year to the AMMA flights, also exhibit elevated concentrations around 650 hPa . This feature in the MOZAIC data was not systematic, but rather a variable one. Similarly the range in the percentiles at 750 and 650 hPa at 6 • N (Fig. 10) illustrate that this was a variable feature in the AMMA aircraft data.
June to August is the wet season in West Africa when biomass burning is at a minimum. Sauvage et al (2005) , however, attributed the enhanced ozone observed in the MOZAIC data to biomass burning in the southern hemisphere by using trajectory analysis and fire count data. The acetonitrile data, collected during AMMA on the BAe-146 aircraft , unequivocally confirms that biomass burning had influenced these air masses. During SOP2, observations of the size-resolved chemical composition of individual aerosol particles by transmission and scanning electron microscopy coupled with energy dispersive X-ray analysis (Fig. 12) show the presence of submicron biomass burning aerosol particles even in the area around Niamey. Biomass burning particles have been identified as K (in addition to S) enriched particles composed mainly of C (and O), whereas particles showing a fractal or chain like aggregate structure and giving only the X-ray peak of C have been classified as elemental carbon. A detailed discussion of the particle identification procedure is presented in Matsuki et al. (2010a) . Further, using a particle dispersion model coupled with daily active fire products from MODIS, Mari et al. (2008) identifies these air masses to have been impacted by biomass burning which took place in southern Africa and subsequently transported into West Africa in the easterly flow associated with the southern AEJ (S-AEJ). The variability in the ozone concentrations reflects the variability in the occurrence of such transport events which is dependent on whether the S-AEJ is active or not. also examined in further detail a particular event sampled by the M55 at 13 km over southern West Africa. It appears that northerly transport of biomass burning emissions into central Africa followed by convective uplift and westward transport by the TEJ was the main transport mechanism. Williams et al. (2010) show that the ability of chemistry transport models to simulate these biomass burning transport events is highly dependent on the meteorological analysis data that is used to drive the model.
The modification of the aerosol vertical profile induced by such events is illustrated in Fig. 13 by the comparison of the vertical profiles of the aerosol scattering coefficient measured by the AVIRAD aerosol sampling system onboard the ATR-42 during two different flights over the Gulf of Guinea in the 3-4 • N area (longitude 2.5 • E), the first conducted during SOP 1a1 and the second during SOP 2a1 . The spectral dependence of scattering indicates that the aerosol size distribution is dominated by particles in the accumulation mode. Flight V024 (14 June) represents background marine conditions in the area, with low scattering values in the boundary layer (∼50 Mm −1 ; 1 Mm −1 = 10 −6 m −1 ), decreasing to zero above. Transport on biomass burning on 4 July (flight V030 of the F ATR-42) results in the appearance of an elevated layer extending up to 3 km and showing values up to 100 Mm −1 at 450 nm, whereas the aerosol vertical distribution in the boundary layer remains unperturbed. This additional layer contributes 0.15 to the column scattering optical depth (obtained by integrating the scattering profile over the depth of the layer), which is comparable to the annually-averaged median total aerosol extinction optical depth estimated by the AEROCOM modelling exercise (Textor et al., 2006) , especially when considering that the absorption optical depth (not accounted for by the aircraft data) should be significant. Further, the aircraft sounding was topped at 3 km, so it is not possible to conclude anything about the presence of a secondary layer in the upper troposphere, as evident in some of the ozone profiles analysed by , which could also contribute significantly to the columnar light extinction.
Although intrusions of such air during the wet season had been observed before , it was largely expected that biogenic emissions would dominate at this time of year. Despite this, one of the main features of the AMMA campaign was the large impact of biomass burning in the southern hemisphere on the composition of the troposphere over West Africa. However analysis of several years of vertical ozone profiles ) and the CO data from MOPPIT (see above) suggests that the impact of the biomass burning was in fact greater in the wet season of 2006 than in other recent years.
Land surface impact
For ozone, the most noticeable gradient in the lower troposphere is a latitudinal one (Fig. 3) . Focussing on data at pressures greater than 900 hPa, average ozone concentrations decline from 30 to 20 ppbv from over the ocean (5 • N) inland to around 11 • N (Fig. 14a) . There is then a sharp increase to over 40 ppbv at 15 • N, before declining again further to the north. al., 2008) so the reason for the pattern in the O 3 is unlikely to simply be a function of the south westerly monsoon air being lower in O 3 than the north easterly Harmattan. There is, however, a strong vegetation gradient around 12-13 • N (Janicot et al., 2008) , with substantial tree cover to the south and scrubland and bare soil to the north. A similar pattern for O 3 has been observed at surface IDAF (IGAC-DEBITS-AFRICA) sites during the wet season, which shows mixing ratios to be around 10 ppbv higher over dry savannas in the north compared to wet savannas to the south (Adon et al., 2010) . The changing vegetation and land-use will not only affect emissions of relevant trace gases but also deposition. The lower O 3 concentrations between 6 and 12 • N are likely to be at least partly due to rapid deposition to trees (Cros et al., 2000) . The fact that ozone decreases in concentration from the coast inland over the trees, in the direction of the predominant monsoon flow, suggests that the sink (chemical and depositional) is greater than the source. CO concentrations (Fig. 14b ) are generally anticorrelated with ozone, the highest values being between 9 and 11 • N. The exceptions are at 7 • N, which is largely due to emissions from the coastal cities such as Lagos and Cotonou, and at 13 • N, which coincides with the aircraft bases of Niamey and Ouagadougou. Interestingly the predominantly anthropogenic tracer, benzene, shows a similar pattern to CO. Acetonitrile, the biomass burning tracer, shows no latitudinal gradient at these altitudes (Fig. 14d) suggesting little contribution from anthropogenic sources. Isoprene (Fig. 14e) , a biogenic species with a lifetime of only a few hours, had enhanced mixing ratios across about 6 • of latitude (∼700 km), showing its widespread impact on the composition of the boundary layer . Its short atmospheric lifetime means that it is largely confined to locations close to its source, in this case the forested areas. Ferreira et al. (2010) confirm that this concentration distribution is largely consistent with the emission distribution predicted by MEGAN (Model of Emissions of Gases and Aerosols from Nature (Guenther et al., 2006) ). NO x (Fig. 14g) , like CO and benzene is highest around the cities, but unlike them it does not decrease from 10-11 • N northwards, but remains high until around 17 • N (similar to the column NO 2 observed by satellite). This is most probably due to emissions of NO x from recently wetted bare soil in the north (Delon et al., 2008; Saunois et al., 2009; Stewart et al., 2008) . Assuming a NO x limited atmosphere, this latitudinal gradient in NO x concentration should reflect the latitudinal gradient in photochemical production of ozone, which is consistent with the latitudinal gradient of ozone and enhanced deposition over the trees. Stewart et al observed enhanced O 3 along with enhanced NO over recently wetted soils supporting the idea of photochemical production of O 3 from soil NO x emissions. The modelling study by Saunois et al. (2009) confirms the hypothesis that the ozone latitudinal gradient in the lower troposphere over W. Africa is a result of the rapid deposition to trees in the south and enhanced NO x from bare soils in the north.
HCHO has a lifetime of a few hours and is often used as a marker of isoprene emissions (Shim et al., 2005) . Although its concentration profile peaks at around 10-11 • N its concentration does not drop off so rapidly to the north (Fig. 14h) . This low altitude latitudinal gradient is similar to that of the column observed by SCIAMACHY, although perhaps declining less rapidly northwards. Acetone, which has a lifetime of several days, peaks at around 13 • N and remains reasonably high over the bare soils to the northerly extent of the aircraft observations at 18 • N (Fig. 14f) . Although HCHO and acetone can both have primary sources they are also produced via oxidation of carbon compounds. The latitudinal profiles of these oxygenated VOCs, suggest a combination of northward advection and in-situ oxidation chemistry in this northern region. The Saunois et al. (2009) modelling study suggests that partially oxidised VOCs, produced from isoprene oxidation in the south, may, following northwards advection, also contribute to the enhanced ozone in the north.
Mobilisation, transport and properties of mineral dust
Models and observations agree in indicating that in the wet season mineral dust is the dominant aerosol type over western Africa, both in terms of mass and light extinction (Textor et al., 2007; Rajot et al., 2008; Marticorena et al., 2010) . Mineral particles are ubiquitous in the vertical distribution of the supermicron fraction, with maximum concentrations being found above 2 km (Fig. 12 , Matsuki et al., 2010b) , even during SOP 2a2 in the mature Monsoon period, when precipitation is expected to reduce emission and enhance deposition. During AMMA SOP 1a and SOP 2a1, IOPs 1.1 and 1.2 yielded data on mineral dust. Studies under IOP 1.1 (Table 3) used a rather novel combination of airborne lidars and dropsondes to investigate dust mobilisation and transport over West Africa. In these studies, the structure of the aerosol fields was documented at the regional scale using the airborne lidar LEANDRE 2 (Bruneau et al., 2001 ) with resolutions of 15 m in the vertical and 1.5 km in the horizontal. LEANDRE-derived reflectivity at 730 nm is mostly sensitive to aerosols with radii ranging from 0.1 to 5 µm, where a large fraction of the size distribution of dust aerosols is concentrated. Furthermore, reflectivity is sensitive to aerosol optical properties and concentration, as well as relative humidity in the case of hygroscopic aerosols, such as those generally present in the monsoon layer (e.g. Crumeyrolle et al., 2008) . On the other hand, over the African continent and close to the sources, desert dust particles are generally considered to be hydrophobic (Fan et al., 2004) . Therefore, reflectivity associated with desert dust is generally not expected to be sensitive to relative humidity fluctuations, and can be used as a proxy for dust concentration (Flamant et al., 2007; Flamant et al., 2009b; Flamant et al., 2009a) . Observations within IOP 1.2 (Table 3) were mostly dedicated to the situ characterization of the physico-chemical and optical properties of mineral dust emitted by MCSs . The IOP type 1.2 dedicated to this science issue consisted of two coupled flights, one before and one after the passage of an MCS, and in coordination with observations at the ground supersite of Banizoumbou in Niger. Due to the poor predictability, in practical terms encompassing an MCS was very complicated, and could be achieved only on a couple of occasions. However, almost all the flights included vertical profiles and straight and level runs sampling at various heights within the aerosol layer and therefore provided a large extent of data of the physico-chemical properties of mineral dust transported over Western Africa. Within IOP 1.2, Crumeyrolle et al (2008) showed that the passage of MCS involve significant change in aerosol chemical properties. As a result, after the MCS passage, the contribution of sulphate, nitrate and chloride to the total aerosol mass is higher which increase the hygroscopic properties of aerosols.
Bou Karam et al., (2008) have identified a new mechanism for dust emission over the Sahel during the summer, in which highly turbulent winds at the leading edge of the monsoon nocturnal flow in the ITD region generate dust uplifting. Airborne lidar data also contributed to the validation of model-derived quantification of dust emission in the ITD region (Bou Karam et al., 2009) . Using the three-dimensional mesoscale numerical model Meso-NH, Bou Karam et al. (2009) have shown that the daily mean values of dust load related to the strong winds on both sides of the ITD over Niger and Mali could reach 2 Tg on some of the days in July 2006. Their study suggests that emissions driven by strong surface winds occurring on both sides of the ITD while it lies across the Sahel may contribute significantly to the total dust load over West and North Africa observed annually.
Airborne lidar measurements have highlighted the fact that the Sahelian planetary boundary layer (PBL) exhibits a twolayer structure, with a well-mixed convective boundary layer, topped by a layer of low static stability up to around 5-6 km above mean sea level, and that away from source regions, long-range transport of desert dust mostly occurred within the elevated part of the Sahelian PBL (Flamant et al., 2007 (Flamant et al., , 2009a Marsham et al., 2008) . These measurements also unambiguously show that injection of dust to altitudes favourable for long-range transport (i.e. in the upper Sahelian PBL) can occur behind the leading edge of mesoscale convective system cold-pools, particularly at the beginning of the monsoon season, before the growing vegetation rapidly inhibits local dust emission (Flamant et al., 2007 (Flamant et al., , 2009a . Examples of the vertical distribution of mineral dust are shown in Fig. 15 in terms of the vertical profiles of the spectral aerosol scattering coefficient observed during two soundings on one flight conducted on June 11: Fig. 15a shows the vertical profile encountered over Banizoumbou (13.5 • N, 2.5 • E), whereas Fig. 15b shows the vertical profiles encountered farther north over northern Niger (15.5 • N, 4.5 • E). The contrast between the two situations is striking: the vertical profile over the north of Niger corresponds to the classic situation expected for dust transport in the upper PBL across West Africa, associated with the AEJ, within the so-called Saharan Air Layer (SAL) (Flamant et al., 2009b; Karyampudi et al., 1999) . This observation is clearly confirmed also from all measurements of the D-F20: Aerosol particle number concentrations in the accumulation mode size range (Fig. 16, right panel) as well as in the coarse mode (not shown) are characterized by enhanced values mainly between 2 and 5 km altitude, reflecting the persistent presence of dust within the AEJ over Burkina Faso during SOP 2a2. In this respect, Flamant et al. (2009c) have also shown that the dust load in the upper Sahelian PBL was also modulated by the propagation of African Easterly waves, with alternating high and low dust contents in the upper part of the Sahelian PBL associated with the northerly and southerly sectors of the AEWs, respectively.
A few hundreds of kilometres south, the aerosol vertical distribution over Banizoumbou is more stratified, showing various plumes of about 500 m depth even in the boundary layer, as a result of dust mobilisation at the edges of localised convection (Fig. 15a) . The contrast between local production and synoptic transport at the hundreds of kilometres scale is supported by temporally-resolved satellite imagery (such as MSG), which also show that convective systems might mobilise dust over areas of the order of hundreds of kilometres (Crumeyrolle et al., 2008) , and therefore needs to be represented by regional models. One should note the different intensity of the two episodes, the one observed over Banizoumbou giving rise to aerosol scattering up to five times higher than observed farther north. Furthermore, previous measurements in the Niger area have indicated that agricultural fields are the only source of significant dust emission fluxes (Bielders et al., 2001 (Bielders et al., , 2002 Rajot, 2001; Bielders et al., 2004) , therefore, mineral dust emitted by MCSs in the Sahel is of anthropogenic origin and must be accounted for when estimating the aerosol forcing on climate at the regional and global scales. Moreover, recent studies investigated the impact of vegetation heterogeneities on the dynamics within the planetary boundary layer (Garcia-Carreras et al., 2010; and on the dust transport in the SAL (Crumeyrolle et al., 2010) . Indeed, vegetation anomalies are associated with an increase of the top of the boundary layer which leads to entrainment of dusty air from the SAL to the boundary layer.
The chemical composition of dust emitted by MCSs from the Sahel was distinguished from that of dust transported from source regions in the Sahara due to its enrichment in iron, which is consistent with knowledge of the mineralogy of Sahelian soils, enriched by light-absorbing iron oxides (Claquin et al., 1999) . Iron-enriched aerosols were found in the continental boundary layer below 1.5 km a few hours after the passage of a convective event and in the upper Sahelian PBL between 2 and 5 km behind the leading edge of mesoscale convective systems . These aerosols should be more absorbing than those emitted from source regions in the Sahara, at least at UV-VIS wavelengths. The in situ scattering and absorption properties measured simultaneously to the composition tend to support this conclusion . In the coarse mode the number size distributions measured by optical counting for the Sahel and Sahara are consistent with those reported by Osborne et al. (2008) and McConnell et al. (2008) for Saharan mineral dust sampled in the dry season. The aircraft measured mass geometric mean diameter locates around 4 µm, close to one of the modal mean diameters observed by Rajot et al. (2008) for surface size distribution of mineral dust transported over the ground at the Banizoumbou supersite in Niger. These authors report that the mass distribution of locally emitted dust peaks around 8.7 µm. To date, the integration of the observations acquired within AMMA has not advanced to the point of providing new highlights of the dynamics of the dust size distribution during its atmospheric cycle. Crumeyrolle et al. (2010) have pointed out discrepancies between size distributions observed during a dust event in SOP1 and that expected from the Alfaro and Gomes (2001) model. The parametrisation of the dust size distribution in chemistry-transport models should be considered a futureresearch priority.
Formation of biogenic secondary organic aerosol
The UK BAe-146 extensively sampled the air in the monsoon region during SOP2a2. Many flights were conducted at low level within this layer above the densely vegetated region of the southern Sahel between the Gulf of Guinea and southern Niger. The high isoprene concentrations of 1-3 ppbv, observed at levels below 2 km throughout this region, have been shown to be a result of extensive biogenic emissions from the vegetation. Isoprene and monoterpenes have been shown to produce significant yields of secondary organic aerosol in chamber studies (e.g. Kroll et al., 2006) . This implies that the high concentrations of isoprene observed from the aircraft observations and the elevated monoterpene concentrations observed by Saxton et al. (2007) at a ground based site in Benin during June 2006 could be significant sources of secondary organic aerosol (SOA) across the region. investigated the extent of SOA in the region using a Quadrupole Aerodyne Aerosol Mass Spectrometer (Q-AMS). They have provided the first estimates of SOA across the West African Sahel and have shown that organic mass loadings vary between 0 and 2 µg m −3 with a median concentration of 1.07 µg m −3 . Further when they use a simple approach based on product yields of methyl vinyl ketone (MVK), methacrolein (MACR) and SOA from chamber experiments and measurements of MVK and MACR to derive an expected SOA abundance, along with an SOA abundance derived from selected monoterpenes, they show that this approach under predicts SOA abundance by a factor of 4-15 compared to measured concentrations. This result is consistent with findings from measurements of organic aerosol mass loadings in more polluted continental environments throughout the mid-latitude northern hemisphere , which show measured SOA abundance can be significantly higher than model predictions based on extrapolated chamber yield information (e.g. Volkamer et al., 2006) . The under predictions of organic matter by these calculations and those in the mid latitudes are based on yields extrapolated from chamber data obtained at higher mass concentrations. However, Capes et al. show that more recent yield data obtained under atmospherically relevant mass concentrations (Shilling et al., 2008) gives much closer agreement with measurements than yields which have been extrapolated from chamber studies at higher mass concentrations. 
Aerosol nucleation in the upper troposphere
One of the main objectives of the D-F20 flights in SOP 2a2 was to study the influence of mesoscale convective systems (MCSs) on the aerosol budget in the middle and upper troposphere over the West African continent. Measurements were taken during eight local flights from Ouagadougou as well as during the ferry flights from Germany to Burkina Faso and back (see Supplementary Information) .
The aerosol instrumentation of the D-F20 consisted of a combination of a multi-channel condensation particle counter system, an optical particle counter, a differential mobility analyzer and a 3-wavelength particle absorption photometer, all connected to the near-isokinetic aerosol inlet of the D-F20 as well as two optical aerosol spectrometer probes mounted under the wings. With this payload the complete size distribution of the aerosol particles could be assessed. As this combination of instruments had a lower size cut of 4 nm, it was possible to detect the presence of freshly formed ultrafine particles below 10 nm particle diameter.
Flights were performed in the close vicinity of active MCSs, in aged outflows of MCSs, and in background conditions with no apparent influence of active deep convection. Both tracer observations (NO, NO y ) as well as aerosol number concentration measurements consistently showed that the outflow region of deep convective systems is to be found above 8 km altitude and reaches up to at least the maximum flight altitude of the D-F20 Falcon of 12 km. Figure 16 presents the vertical distribution of nucleation, Aitken and accumulation mode particles over the Sahel as determined in August from the D-F20 flights. The vertical profile of Aitken mode particle number concentrations shows the important contribution of ground sources and local urban pollution of Ouagadougou, which is confined to the boundary layer (on average roughly below 2 km altitude). Aerosol concentrations are fairly low in the middle troposphere (between boundary layer and approx. 8 km altitude) and particle formation events are not observed at all in this altitude region. At altitudes above approximately 8 km, the profile of the median Aitken mode particle concentration shows an increasing trend with altitude but the overall concentration variability in the upper troposphere is remarkably high. Very low concentrations were observed in general in the fresh outflow of active MCSs and are very likely caused by efficient wet removal of aerosol particles due to heavy precipitation inside the convective cells of the MCSs. This wet removal initially affects all particle size ranges as clearly shown by all measurements in the vicinity of MCSs.
The vertical distribution of nucleation mode particle concentrations reveals that significant and fairly strong particle formation events did occur for a considerable fraction of measurement time above 8 km (and only there). This is consistent with the fraction of observations exhibiting higher Aitken mode particle concentrations in the upper troposphere because it is in general to be expected that particle nucleation events are followed by further growth of particles into the Aitken mode.
Different flights provided measurements that span time scales of air mass age in the outflow of MCS systems from hours to a couple of days. The temporal evolution of properties of aerosols processed in deep convective systems and then released to the middle and upper tropical troposphere can be studied when all the flights are combined. Figure 17 shows the fraction of particles in the nucleation mode compared to the total particle number. The age of outflow air was estimated depending on the proximity of the storm: in the close vicinity of active MCS the time since passage of the coldest (i.e. highest and most active) point of the convection cell at the measurement location was determined from the lateral movement of the MCS using satellite (MSG) imagery. When the outflow age was greater than about 10 hours, the age was determined by trajectory analysis using the trajectory model LAGRANTO, the wind fields were provided by ECMWF analysis data with a spectral resolution of T319L91 in combination with MSG imagery. Figure 17 shows that new particle formation is observed in the outflow if the air processed by the convective system has aged for a few hours at least. In MCS outflow cases of one day age or more, however, particle nucleation events are no longer observed.
During a particularly useful case study performed during the flight on 11 August the temporal evolution of the aerosol size distribution could be documented while flying inside the outflow of an MCS system over Burkina Faso towards the east, whilst moving away from the active MCS centre and thereby spanning increasing outflow age (i.e. increasing processing time). The series of measured size distributions (not shown here) show a rapid (within hours) shift of the size distribution from being initially nucleation mode dominated into Aitken mode dominated.
Without knowing the exact nature of the aerosol precursor gases being lifted up in the convective cells, the following steps in the evolution of aerosol properties after MCS passage appear to be consistent with the upper tropospheric observations during the AMMA monsoon season: (a) In fresh outflow (very close to the MCS) aerosol of all sizes is efficiently removed. (b) Ageing of some hours leads to new particle formation while pre-existing aerosol surface area is very low. (c) This is followed by an increase of particle concentration in the Aitken mode due to the growth of particles, while further nucleation does not appear to occur. The concentration of accumulation and coarse mode particles remains very low at this point. (d) Some tens of hours later, in aged outflow (and in general in upper tropospheric "background"), nucleation does not occur and aerosol concentrations recover. This latter observation is possibly due to lateral mixing, dry convection and long-range transport.
Summary
During June, July and August 2006 five research aircraft (BAe-146, F-F20, ATR-42, D-F20 and M55) made comprehensive measurements of aerosols and trace gases from the boundary layer to the lower stratosphere (around 50 hPa), from 2 • N to 21 • N, and between 10 • W and 7 • E. Wing-tipto wing-tip comparisons were performed between the BAe-146 and 3 of the other aircraft (F-F20, ATR-42 and D-F20) which aided the compilation of single data sets for O 3 and CO concentrations for the region.
Very little longitudinal variation was found in either O 3 or CO, but both showed strong vertical and latitudinal gradients. The aircraft O 3 data exhibited an "S" shaped vertical profile as seen elsewhere in the tropics, and also in agreement with sonde data collected from launches at Cotonou and Niamey. This profile appears to result from significant losses in the LT due to rapid deposition to forested areas and photochemical destruction in the moist monsoon air, and convective uplift of O 3 -poor air to the UT. The vertical profile of CO, on the other hand, exhibited a "C" shaped profile, which is thought to be due to emissions from the surface and the convective uplift of CO-rich air to the UT. Both of these profiles were disturbed, particularly in the south of the region, by the intrusions in the lower and middle troposphere of air from the southern hemisphere impacted by biomass burning. Comparisons with MOPITT satellite CO data and O 3 vertical profiles from sondes and MOZAIC aircraft show these intrusions to be regular phenomena, but that their impact on West Africa in 2006 was greater than compared to other recent wet seasons.
On the whole O 3 and CO were anticorrelated and this relationship tended to be a function of water vapour, illustrating the stratospheric source of tropospheric ozone and the relatively short photochemical lifetime of ozone in the moist, monsoon layer air into which CO is emitted. There were a couple of exceptions to this: urban plumes, in particular that of Lagos; the biomass burning plumes. Net-photochemical ozone formation is inferred for these air masses and for some biomass burning plumes production of O 3 has been calculated to occur for several days downwind. In addition there is evidence for net ozone formation in convective outflow in the UT with observations indicating uplift of radical precursors coincident with either uplift of NO or an emission of NO from lightning, and in the boundary layer in the north following emission of NO from recently wetted bare soils. This latter effect, along with enhanced deposition to the forested areas contributes to a latitudinal gradient of O 3 in the lower troposphere. Biogenic volatile organic compounds are also important in defining the composition both for the boundary layer and upper tropospheric convective outflow.
Mineral dust aerosols were found to be ubiquitous over the entire sampling area. Mobilisation of mineral dust was observed at the leading edges of mesoscale convective system cold-pools and of the monsoon nocturnal flow in the ITD region. Measurements of the vertical distribution and properties illustrate the differences for dust mobilised from different soil types. The frequency and relative abundance of such events, and therefore their impact at the global scale, cannot be assessed by aircraft measurements only but require longterm data series, ground-based and/or spaceborne. The integration of different types of observations will be the priority of future research.
Formation of secondary organic aerosols (SOA) was observed over vegetated soils, yielding the first estimates of SOA across the West African Sahel. Depending on the production yields used, either from data obtained under atmospherically relevant mass concentrations or from chamber studies at higher mass concentrations, measurements may or may not approach the SOA abundance predicted by models. This result points out to the necessity and the challenge of performing chamber experiments at atmospheric conditions in order to reconcile laboratory measurements, field observations, and model predictions.
Particle nucleation in the upper troposphere is observed in the outflow of MCSs after few hours of ageing. Nonetheless, fresh outflow is a rather efficient sink for particles of all sizes.
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